Purpose: As well as functioning as a ligand that is selectively internalized by cells overexpressing human epidermal growth factor receptor-2 (HER2), HApt can exert cytotoxic effects by inducing cross-linking and subsequent translocation of HER2 to cytoplasmic vesicles, such downregulation of HER2 inhibits cell proliferation and induces apoptosis. We aimed to exploit the potential of HApt as both a targeting agent and antagonist to maximize the efficacy of mesoporous silica nanoparticle (MSN)-based drug release systems for HER2-positive breast cancer. Materials and methods: We fabricated novel HApt aptamer-functionalized pH-sensitive β-cyclodextrin (β-CD)-capped doxorubicin (DOX)-loaded mesoporous silica nanoparticles (termed MSN-BM/CD-HApt@DOX) for targeted delivery and selective targeting of HER2-positive cells. MSN-functionalized benzimidazole (MSN-BM) was used to load and achieve pH stimuliresponsive release of the chemotherapeutic agent doxorubicin (DOX). β-cyclodextrin was introduced as a gatekeeper for encapsulated DOX and HApt as a selective HER2-targeting moiety and biotherapeutic agent. Results: Physical and chemical characterizations (FT-IR, XRD, TEM and BET) confirmed successful construction of MSN-BM/CD-HApt@DOX nanoparticles. In vitro release assays verified pH-sensitive DOX release. MSN-BM/CD-HApt@DOX (relative DOX concentration, 3.6 μg/mL) underwent HER2-mediated endocytosis and was more cytotoxic to HER2-positive SKBR3 cells than HER2-negative MCF7 cells. MSN-BM/CD-HApt@DOX also exhibited better uptake and stronger growth inhibition in SKBR3 cells than the control MSN-BM/CDNCApt@DOX functionalized with a scrambled nucleotide sequence on CD. Overall, intracellular delivery of DOX and the biotherapeutic agent HApt resulted in synergistic cytotoxic effects in HER2-positive cancer cells in comparison to either DOX or HApt alone. Conclusion: MSN-BM/CD-HApt@DOX enables HER2-mediated targeting and biotherapeutic effects as well as pH-responsive DOX drug release, resulting in synergistic cytotoxic effects in HER2-overexpressing cells in vitro. This novel nanocarrier could potentially enable specific targeting to improve the efficacy of chemotherapy for HER2-positive cancer.
Introduction
Conventional cancer chemotherapy encounters drastic limitations in terms of nonspecific delivery of antitumor drugs and severe side-effects. 1, 2 A variety of smart drug-delivery systems with selective targeting and controlled release properties have been developed to minimize systemic cytotoxicity. 3 Mesoporous silica nanoparticles (MSN) have been widely used as drug release systems in recent decades due to their desirable properties, including good biocompatibility, high loading capacity and ease of functionalization. [4] [5] [6] In order to avoid premature release in the blood circulation, MSNs are often equipped with a variety of stimuliresponsive nanovalves 7 such as inorganic nanoparticles, 8 polymers, 9-11 biomacromolecules [12] [13] [14] and supramolecular assemblies 15, 16 to enable controlled drug release in response to external or internal stimuli. Supramolecular assemblies involved in host-guest interactions can function as nanovalves to effectively gate the pores of MSNs in a smart, simple manner. Supramolecular cyclodextrins (CD) are well-characterized, readily accessible host molecules that can be fixed on the surface of MSNs and participate in host-guest interactions with a variety of guest molecules. 17 When exposed to specific stimuli in the tumor microenvironment, such as changes in redox potential, 18 enzymatic activity, 14, 19 temperature, 20 light 21, 22 or acidic pH, 23, 24 the interactions between CD and the guest molecules are disrupted, allowing the trapped drug to be released. For example, the aromatic amine guest molecule 1-methyl-1H-benzimidazole (BM) has a pKa of 5.67 25 and exhibits stable hydrophobic interactions with β-CD at physiological pH (7.4). 26, 27 BM is protonated in the acidic tumor microenvironment, which opens the nanovalves and releases the trapped drug.
To enhance the accuracy of drug delivery to tumors, controlled drug-delivery systems have been functionalized with a variety of tumor-specific targeting ligands-such as aptamers, [28] [29] [30] peptides, 1, [30] [31] [32] antibodies and growth factors 33 -to selectively target molecules and receptors that are overexpressed on the surface of tumor cells. Aptamers, single-stranded DNA or RNA oligonucleotides, 34, 35 are a novel type of targeting agent that offer several advantages over other tumor-specific ligands. Aptamers bind their target of interest with high selectivity and affinity, are small and inexpensive to synthesize and have good chemical stability, low antigenic and immunogenic potential and excellent tissue penetration ability. [36] [37] [38] Although diverse aptamerfunctionalized stimuli-responsive controlled release systems have been developed, [39] [40] [41] the potential of aptamers as both targeting and antagonistic agents to maximize the efficacy of drug delivery and cancer chemotherapy has not yet been fully exploited.
We previously demonstrated the aptamer HApt, which possesses both targeting and therapeutic capabilities, 42 specifically crosslinks with HER2 protein on the cell surface, which induces translocation of HER2 from the plasma membrane to cytoplasmic vesicles (mainly lysosomes) and subsequent digestion by proteases. 43 HAptmediated targeting and downregulation of HER2 could inhibit cell proliferation and lead to cell death. 43 Therefore, HApt could potentially function as both a targeting ligand and biotherapeutic agent for smart drug delivery systems to improve the efficacy of chemotherapy for HER2-positive tumors. HER2 is expressed at higher levels (≈100-fold more) on the plasma membranes of various tumors, 42 including human ovarian, breast, lung and gastric cancer cells, than the corresponding normal cells. 44, 45 Thus, inhibition of this transmembrane protein expression has been pursued as a target to improve the treatment of cancer. Herein, we developed a pH-sensitive, tumor-targeted drug delivery system based on a HApt-functionalized pHsensitive nanovalve (β-CD), named MSN-BM/CD-HApt @DOX. As illustrated in Scheme 1, DOX was loaded into the pores of BM surface-modified MSN, then the pores were capped with β-CD-SH through a host-guest interaction between β-CD and BM. The β-CD-SH was subsequently functionalized with HApt-SH through disulfide bonding. We hypothesized HApt would actively bind to HER2-overexpressing tumor cells, and thus reduce nonspecific uptake by normal HER2-negative cells. Furthermore, after receptor-mediated endocytosis of the nanoparticles by HER2-positive tumor cells, β-CD would dissociate from the surface of the MSN in the acidic environment of cellular lysosomes/endosomes due to protonation of BM and disruption of the host-guest interaction, resulting in steady release of the encapsulated DOX from the pores of MSN in the cytoplasm of the target cells.
We report the novel nanocarrier MSN-BM/CD-HApt could efficiently encapsulate DOX and release the drug in a pH-dependent manner. Compared to MSN-BM/CDNCApt@DOX functionalized with a scrambled nucleotide sequence on the CDs, MSN-BM/CD-HApt@DOX was more efficiently taken-up and exerted stronger cytotoxic effects in SKBR3 HER2-positive breast cancer cells. MSN-BM/CD-HApt@DOX was less cytotoxic towards MCF7 HER2-negative cells than SKBR3 HER2-positive cells. Therefore, MSN-BM/CD-HApt@DOX exerts a targeted synergies in HER2-positive cancer cells compared to either DOX or HApt monotherapy.
Materials and methods Materials
Cetyltriethylammonium bromide (CTAB), tetraethylorthosilicate (TEOS) and doxorubicin hydrochloride (DOX, 98%) were purchased from J&K Chemical Ltd. (Shanghai, China) and used as received. N,N'-dimethylformamide (99.8%), β-cyclodextrin (>97%), benzimidazole (98%), tetrabutylammonium iodide (98%), Hoechst 33,342 (≥97%), triethylamine (≥ 99%) and toluene (99.8%) were purchased from Sigma (St. Louis, MO, USA). Chloromethyltrimethoxysilane (>98%) was obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Anti-HER2 aptamer (HApt, 5'-RS-S-C 6 -GCA GCG GTG TGG GGG CAG CGG TGT GGG GGC AGC GGT GTG GGG-3') and HER2-negative control aptamer (NCApt, 5'-RS-S-C 6 -ATT GCA CTT ACT ATA TTG CAC TTA CTA TAT TGC ACT TAC TAT-3') were commercially synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Synthesis of mesoporous silica nanoparticles
Mesoporous silica nanoparticles (MSN) were synthesized according to published procedures. 27 Briefly, CTAB (1 g) was dissolved in H 2 O (480 mL) and NaOH (2 M, 3.5 mL), heated to 80°C, stirred for 30 min at 80°C, then TEOS (4.8 mL) was added dropwise into the solution while stirring vigorously. The solution was kept at 80°C for another 2 h. The white suspension was filtered, washed thoroughly with methanol, vacuum dried at 45°C, and MSNs were obtained upon removal of the CTAB template by calcination at 550°C for 6 h.
Modification of MSN with 1-methyl 1H-benzimidazole 
Drug loading and capping
For drug loading, MSN-BM (100 mg) was dispersed in PBS buffer (pH 7.4, 1 mM, 20 mL), sonicated for 10 min, and DOX (2 mg/mL, 5 mL) was added. The mixture was stirred in the dark at room temperature for 24 h to ensure DOX was entrapped in the mesopores. The capping molecule β-CD-SH (400 mg) was added to the suspension and stirred for 12 h in a nitrogen atmosphere. The product was named MSN-BM/CD@DOX. The disulfide bond on the anti-HER2 aptamer (HApt) was cleaved by adding 20 μL of 2.5 mM tris(2-carboxyethyl)phosphine (TCEP; Sigma-Aldrich) to 20 μL of 500 µM HApt solution for 30 min. 42 The resulting thiolated aptamer solution was added to the MSN-BM /CD@DOX suspension, and the mixture was stirred at room temperature for 24 h in air. The nanoparticles were collected by centrifugation, washed extensively with PBS to remove unloaded DOX, and the fluorescence of the supernatant was measured at an excitation wavelength of 480 nm, emission wavelength of 550 nm. Drug-loading content (DLC) and drug-loading efficiency (DLE) were determined using equations (1) and (2): DLC=(weight of drug loaded in MSN/weight of MSN)×100% (1) DLE=(weight of drug loaded in MSN/weight of feed drug)×100% (2) Control MSN-BM/CD-NCApt@DOX was prepared in a similar manner using the scrambled NCApt sequence instead of HApt.
Characterization
Transmission electron microscopy (TEM; JEM-1400; JEOL, Tokyo, Japan) was used to characterize the morphology of the prepared samples; ζ potential and size distribution were analyzed by dynamic light scattering (DLS; Zetasizer Nano ZS; Malvern Instruments, Malvern, UK). Fourier transform infrared (FT-IR) spectra were generated with a Nicolet Magna-IR 550 FTIR spectrometer in the range of 4000-400 cm
. Thermogravimetric analysis (TGA) was carried out on a Netzsch STA449F3 TG-DSC (TGA Instruments; Selb, Germany) in N 2 at a heating rate of 10°C/min from 298 to 1073 K. Low-angle X-ray diffraction (XRD) patterns were obtained in a Bruker D8 Focus diffractometer using Cu Kα radiation at a scanning speed of 0.5°/min from 0.6 to 8°. Nitrogen adsorption-desorption isotherms were obtained on a volumetric adsorption analyzer ASAP 2020 (Micromeritics, Atlanta, GA, USA) at liquid nitrogen temperature (77.35 K) to measure pore size distribution and surface area.
Evaluation of pH-responsive drug release in vitro
To examine DOX release from MSN-BM/CD-HApt @DOX, fluorescence spectrophotometry (F-4500; Hitachi, Tokyo, Japan) was used to assess the fluorescence intensity of the supernatant at an excitation wavelength of 480 nm, emission wavelength of 550 nm. Briefly, 2 mg dried MSN-BM/CD-HApt@DOX powder was added in a glass vial containing 20 mL PBS (1 mmol/L, pH 4.5, 6.4 or 7.4) at 37°C. At specific time intervals, 2 mL of the supernatant was taken out for analysis and then put back to keep the volume of release media constant. The DOX concentration was calculated using a fluorescence standard calibration curve ( Figure S1 ).
Cumulative DOX release rate (%) was calculated using w1/w2× 100, where w1 is the amount of DOX released from MSN-BM/CD-HApt@DOX at different time points and w2 is the amount of DOX loaded in MSN-BM/CDHApt@DOX.
Cell lines and culture
Human MCF7 and SKBR3 breast cancer cells and human 293T embryonic kidney cells were obtained from the American Type Culture Collection (Manassas, VA, USA). SKBR3 cells were maintained in McCoy's 5A medium (Thermo Fisher Scientific, Waltham, MA, USA) and HeLa cells and MCF7 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific); both media were supplemented with 100 U/mL penicillin G/streptomycin sulfate and 10% (v/ v) fetal bovine serum (FBS; Thermo Fisher Scientific) and all cells were cultured at 37°C in a 5% CO 2 atmosphere.
Cell viability assays
Cells were seeded into collagen-coated 96-well plates (10 fresh complete medium and incubated for another 20 h. Cell viability was measured using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan).
To assess HER2 receptor inhibition, SKBR3 cells were pretreated with free HApt (1 μM) for 30 min, and then incubated with MSN-BM/CD-HApt@DOX or MSN-BM /CD-NCApt@DOX containing different concentrations of DOX for 4 h, then cell viability assays were carried out as described above.
Cellular uptake assays
SKBR3 cells and MCF7 cells were seeded in 35mm glass bottom dish and allowed to attach overnight, then incubated with MSN-BM/CD-HApt@DOX or MSN-BM/CDNCApt@DOX (DOX concentration, 3.6 μg/mL) for 4 h, followed the culture medium was removed, the cells were washed several times with PBS, and the nuclei were counterstained with Hoechst 33,342 (Sigma-Aldrich) for 10 min at room temperature. DOX fluorescence was examined by confocal microscopy (TCS SP8; Leica Microsystems, Wetzlar, Germany).
To assess HER2 receptor inhibition, SKBR3 cells were pretreated with free HApt (1 μM) for 30 min, and then incubated with MSN-BM/CD-HApt@DOX or MSN-BM /CD-NCApt@DOX (DOX concentration, 3.6 μg/mL) for 4 h, then treated as described above.
Flow cytometry
SKBR3 cells and MCF7 cells were plated in 24-well plates (10 6 cells/well), incubated for 24 h at 37°C in a 5% CO 2 atmosphere, then 1 mL of DMEM containing MSN-BM /CD-HApt@DOX or MSN-BM/CD-NCApt@DOX (DOX concentration, 3.6 μg/mL) was added to each well, incubated for 4 h, then cells were washed twice with cold PBS, harvested and resuspended in PBS. Flow cytometry was performed on a fluorescence-activated cell sorting (FACS) Calibur flow cytometer (BD Biosciences, San Jose, CA, USA) and data were analyzed using FlowJo 7.6.1 (BD Biosciences).
Results and discussion Preparation and characterization of MSN-BM/CD-HApt@DOX
As shown in the TEM images in Figure 1A , the monodispersed MSN had a uniform spherical morphology with well-ordered channel pores. After stepwise modification, the channels of the MSN became blurred and a gradually thicker shell appeared on the exterior of the MSN, indicating successful DOX loading, β-CD end-capping and HApt grafting. DLS analysis ( Figure 1B) (Table S1 ), which may be due to the stepwise modification of MSN. The ζ potential of MSN was −23.5 ± 7.3 mV, while MSN-BM/CD-HApt@DOX was more negatively charged (−31.3 ± 1.4 mV) mainly due to modification with negatively charged HApt ( Figure 1C ). This negative surface charge may increase the circulation time of MSN-BM/CDHApt@DOX in the blood. 46, 47 The structure of the MSN was further assessed by lowangle XRD (Figure 2A ). The three well-defined diffraction peaks at (100), (110) and (200) indicated well-ordered hexagonal mesoporous MSN. 48 These peaks slightly decreased in intensity but were preserved during the fabrication process, suggesting the high structural stability and successful modification of the MSN. Figure 3 . A typical type-IV isotherm curve was obtained, further confirming the welldefined mesoporous structure of the MSN ( Figure 3A) . 49 The stepwise functionalization process obviously decreased the BET surface area (S BET ), pore volume (V P ) and BJH pore diameter (D BJH ) of the MSN (Table S1 and Figure 3A (Table S3 ). However, Path I MSN-BM/CD-HApt@DOX had a much higher drug loading content (DLC: ∼3.64 wt%) than Path II MSN-BM/CD-HApt @DOX (DLC: ∼2.60 wt%) at pH 7.4 (Table S3) . Overall, the drug storage capacity was higher in the presence of BM, due to the hydrophobic interaction between DOX and BM at pH 7.4. 25 However, the difference in DLC for the two synthetic pathways was not significant, indicating DOX could still be loaded into the MSNs in the absence of the hydrophobic interaction with BM in the porous channel. Moreover, the drug release profiles (Figure 4) showed DOX was released from both Path I and Path II MSN-BM /CD-HApt@DOX in a pH-dependent manner. Removal of β-CD depends on protonation of BM in acidic conditions. In addition, the DOX release rates of both samples were similar: 19.93±3% and 29.52±2% for Path I nanoparticles ( Figure 4A ) and 18.92±4% nd 28.34±2% for Path II nanoparticles ( Figure 4B ) at pH 7.4 and 6.4, respectively. However, the release rate at pH 4.5 was higher for Path I nanoparticles (82.3±5%) ( Figure 4A ) than Path II nanoparticles (51.96±4%) ( Figure 4B ). The superior release capacity of Path I nanoparticles at low pH can be attributed to disruption of the hydrophobic interactions between DOX and BM in the porous MSN channels due to protonation of BM under acidic conditions. Based on these results, MSN-BM/CD-HApt@DOX prepared by synthetic pathway I was selected for subsequent studies.
MSN-BM/CD-HApt@DOX are specifically taken-up and undergo endocytosis in HER2-positive cells
To investigate the role of HApt on targeted cellular uptake and endocytosis of MSN-BM/CD-HApt@DOX, we used SKBR3 breast cancer cells as a cellular model of HER2 overexpression and MCF7 cells as a model of low HER2 expression; the two cell lines were verified and used in our previous work. 43 Endocytosis of MSN-BM/CD-HApt@DOX was evaluated using confocal laser scanning microscopy (CLSM) and flow cytometry.
MSN-BM/CD-NCApt@DOX containing a scrambled nucleotide sequence was used as a control to confirm the specific interaction between HApt and HER2.
CLSM images confirmed MSN-BM/CD-HApt@DOX (relative DOX concentration, 3.6 μg/mL) was specifically taken up by SKBR3 cells ( Figure 5B ) compared to MCF7 cells ( Figure 5A ). Stronger red DOX fluorescence was distributed throughout the cytoplasm of SKBR3 cells, indicating the HER2 peptide mediated efficient, specific delivery of MSN-BM/CD-HApt@DOX into SKBR3 cells. Pretreatment with 1.0 μM free HApt significantly decreased the uptake efficiency of MSN-BM/CD-HApt@DOX in SKBR3 cells ( Figure 5C ), Pre-incubation with HApt had no apparent effect on the uptake of MSN-BM/CD-NCApt@DOX by SKBR3 cells ( Figure 6C ). These results indicate that the uptake of MSN-BM/CD-HApt @DOX was dependent on the HApt-HER2 interaction.
Quantitative uptake efficiency data was obtained using flow cytometry (Figure 5D and E). MSN-BM/CD-HApt @DOX showed the highest uptake rate in SKBR3 cells (82.7%, IV), further confirming the importance of the interaction between HApt and the HER2 receptor. The uptake rates were much lower in low-HER2 expressing MCF7 cells and SKBR3 cells co-incubated with free HApt as a competitor for the HER2 binding sites ( Figure 5D , 31.0% and 40.6%). As nanoparticles up to several hundred nanometers in size can enter cells via endocytosis in membrane-bound vesicles, Figure 6C ) of free HApt. These observations further confirmed that the interaction between HER2 and HAPt was required for uptake of MSN-BM/CD-HApt@DOX. The quantitative uptake assays ( Figure 6D and E) further confirmed the lack of a specific interaction between NCApt and HER2. 500 μg/mL, demonstrating MSN-BM exhibit good biocompatibility. However, at the same particle concentration, MSN-BM/CD-HApt exerted higher cytotoxicity towards SKBR3 cells than MCF7 cells or normal HEK-293T cells (Figure 7) . At a particle concentration of 500 μg/mL, about 55% of HER2-overexpressing SKBR3 cells were killed when incubated with MSN-BM/CD-HApt ( Figure 7A ), compared to fewer than 5% of MCF7 cells (cell viability:
104.8±4%, Figure 7B ) or HEK-293T cells (cell viability: 99.7±3%, Figure 7C ), suggesting that MSN-BM/CD-HApt exerts potent cytotoxicity in HER2-overexpressing cells due to HApt-mediated targeting and HER2 downregulation induced cell death. 42 These results indicate MSN-BM/CDHApt nanoparticles exert toxic effects in HER2 overexpressing cells and imply that the cytotoxicity of these nanoparticles could be increased by DOX loading. 
Synergistic therapeutic effect of MSN-BM/ CD-HApt@DOX in HER2-overexpressing cells
Finally, we assessed the combined therapeutic effect of HApt-DOX in HER2-overexpressing SKBR3 cells. Direct exposure to MSN-BM/CD-HApt without loaded DOX (nanoparticle concentration 100 μg/mL) reduced cell viability by about 15 ±2% (Figure 9 ), while incubation with free DOX or MSN-BM /CD@DOX (DOX concentration, 3.6 μg/mL) decreased cell viability by about 8±4% and 27±6%, respectively. The low cytotoxicity of free hydrophobic DOX (DOX in free base form) may be due to its poor solubility and uncharged properties in aqueous cell medium, which may not conducive to the access and penetration of DOX into cells. 54 In overexpressing SKBR3 cells. This superadditive effect is mainly due to the specific targeting of HApt, which increased the cellular uptake of MSN-BM/CD-HApt@DOX, allowing a larger number of DOX to be delivered into SKBR3 cells than MSN-BM/CD@DOX.
Conclusion
We successfully developed a HER2-targeted and pHresponsive controlled release system, based on a hostguest interaction between HApt functionalized β-CD Cell Viability (%) Figure 9 Combined therapeutic effect of MSN-BM/CD-HApt@DOX. SKBR3 cells were exposed to cell culture media (Mock) or cell culture media containing free DOX, MSN-BM/CD@DOX, MSN-BM/CD-HApt, MSN-BM/CD-HApt@DOX or MSN-BM/CD-NCApt@DOX (nanoparticle concentration, 100 μg/mL; DOX concentration, 3.6 μg/mL) for 4 h, and then cultured in fresh complete media for 20 h. Cell viability was measured using the CCK-8 assay. Data are mean ± SD (n = 3). Abbreviations: MSN, mesoporous silica nanoparticles; BM, benzimidazole; CD, β-cyclodextrin; HApt, aptamer; DOX, doxorubicin.
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